ABSTRACT Trabeculation and the formation of the leaflets of the mitral and tricuspid valves both involve remodeling of the embryonic myocardium. The nature and possible connection of these myocardial remodeling processes, however, are unclear. Therefore, we examined the morphogenesis of the early ventricular and atrioventricular (AV) myocardium and report for the first time that the formation of the early trabeculae and the positioning of the valve primordia (endocardial cushions) into the ventricular lumen are part of one continuous myocardial remodeling process, which involves the dissociation of the myocardial layers. For the endocardial cushions, this process results in delamination from the AV myocardium. The AV myocardium that will harbor the right lateral cushion is the exception and becomes positioned in the ventricular lumen by folding of the right ventricle. As a consequence, remodeling of the left and right AV myocardium occurs differently with implications for the formation of the mural leaflets and annulus fibrosis. At both the right and left side, the valvular myocardium harbors a distinct molecular phenotype and its removal from the cardiac leaflets involves a second wave of delamination. Interestingly, in the TGF 2-KO mouse, which is a known model for cushion and valve defects, remodeling of the early myocardium is disturbed as indicated by defective trabeculae formation, persistence of valvular myocardium, disturbed myocardial phenotypes and differential defects at left and right side of the AV canal. Based on these results we propose a new model clarifying early trabeculae formation and AV valve formation and provide new inroads for an enhanced understanding of congenital heart defects.
Introduction
Cardiac disease is the leading cause of death and it has become clear that so-called acquired defects have a developmental origin. Congenital heart disease is the most common congenital defect and occurs at an estimated rate of 5% (Pierpont et al., 2007) . Heart development is characterized by complex morphogenetic processes and although a tremendous increase in understanding of the molecular mechanism has been achieved, many fundamental questions remain to be answered about the establishment of major structures including the trabeculae and the valves.
Trabeculae are sheets of myocardium that protrude into the ventricular lumen and provide most of the contractile force in the hypertrabeculation (Chen et al of the developing trabeculae has been described (Ben-Shachar et al et al et al from the lateral cushions. These (mesenchymal) cushions develop to the papillary muscle in the ventricle. Several issues regarding the mechanism underlying the remodeling process from cushions et al et al
to the ventricular myocardium. On the other hand, the study by et al et al., 2004) indicates that the lateral cushions do not delaminate from ventricular myocardium but form side. Several mechanisms, however, have been suggested to be responsible for the removal of this myocardial sheet, being the et al et al et al -et al., 2004) . Recently, it has been et al consequences for the morphogenetic processes during remodel- We propose a new model clarifying early trabeculae formation and
Results
Dissociation of the myocardium underlies formation of the early trabeculae of the primitive heart consists mostly of 2 myocardial cell layers -ticularly in the apical region of the primitive ventricle, spaces are observed in between these 2 myocardial layers (orange arrows the inner layer that disconnected from neighboring cells are ob- (C,D,F,I 
. Morphological changes of the right atrioventricular myocardium during valve development MF20 (red) and cTnI (green) staining to show the MF20-(green) and MF20+ (orange/yellow) myocardium (A-G). Wt1 (green) and cTnI (red) staining in panel (H). The right ventricular wall folds against AV myocardium (A,B), creating a loop of MF20-and MF20+ myocardium (B,C). Protrusions of MF20+ (red arrow) and MF20-(yellow arrow) enclose non-myocardial cells (C1,D2,G), that are Wt1+ (H). The valvular myocardium (blue arrow) at level of the free edge is removed from E13.5-E18.5 (D-F).

MF20-AV myocardium changes orientation and becomes roof of annulus fibrosis (AF; red line in B-F
TUNEL (white), MF20 (red), cTnI (green)(B,E,G,H) and cleaved caspase-3 (cCasp3; green), MF20 (red)
Myocardial remodeling defects in TGF
2 is important for cushion formation (reviewed in (Kruithof et al -
2-et al
et al to aspects of myocardial remodeling. We observed trabeculation 2- (M1;N1) . Scalebar, 100 m. 
Fig. 7. Myocardial remodeling defects in TGF 2-deficient mice. cTnI staining (red) at E9.5 shows defective trabeculae formation in a TGF 2-deficient mouse (A,B). Tbx3 (green)/MF20 (red) staining show an increased number of spaces between inner and outer layers of AV myocardium at E11.5 (C,D) and defective myocardial phenotypes at E12.5 in TGF 2-deficient mice (E,F). cTnI (red) staining shows absence of myocardial protrusion at the right AV sulcus at E14.5 (G,H) resulting at E18.5 in disrupted morphology of the right AV myocardium (I.J; cTnI is green). cTnI staining shows defective annulus fibrosis formation at the left AV myocardium in a TGF 2-deficient mouse (K,L) and persistence of valvular myocardium (M,N). Tbx3 (green)/MF20 (red) staining show expression of Tbx3 in the left valvular myocardium and absence of Tbx3 expression in the left MF20-myocardium of a TGF 2-deficient mouse
Trabeculation
(Chen et al the myocardium in response to compression along its longitudinal axis (Sedmera et al., 2000) . We show that trabeculation starts at layer appears to be achieved by invasion of endocardial cells is mono-layered and therefore, no spaces can be formed in this myocardial layer. Trabeculation is initiated by protrusion et al -diameter of the ventricular lumen does not change, whereas the trabeculae become longer, indicating that the outward growth of the outer myocardial layer directs the lengthening of the early trabeculae. We observed abnormal formation of trabeculae in a 2 in this process. Several other mutant mice also show differential trabeculation defects, supporting the presence of several stages 
Removal of valvular myocardium occurs by delamination and apoptosis
Removal of the valvular myocardium has been suggested to occur by several mechanisms including myocardium-to-mesenchyme et al et al et al et al et al., 2004) , negating myocardium-to-mesenchyme transformation. Our data suggest that the removal of valvular myocardium exclusively by apoptosis does not occur. The lumen-to-base removal of the myocardial sleeve at the level of the free edge and the presence of one strand of for valvular myocardium, suggest that delamination of valvular dorsal papillary muscle an interruption is seen in the myocardial et al accounts for the removal of the valvular myocardium.
Molecularly distinct atrioventricular myocardial subdomains
We have shown that the valvular myocardium is distinct from expression of -of cells. The most distal part of the valvular myocardium that delaminates earliest from mesenchyme expresses the lowest myocardium, therefore, might explain the difference between the disengagement and the absence of disengagement of the inner initial remodeling stages. 
Formation of the Annulus Fibrosis
Conclusions
We propose a new model in which disintegration of myocardial layers forms the basis for the formation of trabeculae, a process that is continued during the repositioning of the endocardial cush- 
Materials and Methods
Animals
Morphometric measurements
The diameter of the lumen of the ventricle and the length of the trabeculae were measured in the center of the ventricle on sagittal sections. The lu-
